The importance of charm decays in the context of flavor is motivated. A theory overview on recent developments in leptonic and semileptonic decays, hadronic two-body decays, and rare decays is presented. Standard Model (SM) predictions as well as tests of the SM are pointed out, e.g. how to discover direct CP violation in charm decays and how to search for physics beyond the SM. Differences between rare charm and beauty decays are discussed.
Introduction
Why talk about charm decays at the BEAUTY conference? We try to shed light on the link between beauty and charm in this proceedings. While b decays are established to test the standard model (SM), charm decays are commonly considered to be blurred by non-calculable hadronic effects. These two members of the flavor family are driven by different dynamics, hence the way to search for physics beyond the SM (BSM) may point into different directions. In this sense, charm and beauty are complementary in BSM searches and both can learn from each other. One may compare the current situation of rare charm decays with that of the b(ig) brother back twenty years, which resulted in the exciting times nowadays. Furthermore, charm is unique to test flavor in the up-type sector and allows for insights into QCD from a different perspective. Experimentally, the b machines are also charm machines [1, 2, 3, 4] . On the theoretical side one should be careful in adopting results from b physics, e.g. the 1/m c -counting is questionable and the short-long distance behavior is challenging. Additionally, the available phase space in charm decays is smaller, hence, e.g., decays into τ leptons are suppressed or even forbidden.
We present a theory overview on charm decays for a selection of recent developments in this field. Section 2 is an overview of current results of leptonic and semileptonic decays and determinations of the corresponding SM parameters. In section 3 we present the latest global fit to branching ratio data of hadronic two-body decays and outline how to test the SM with the potential to discover direct CP violation in charm decays. Rare decays, reviewed in section 4, allow to search for BSM physics. Section 5 closes with the summary.
Leptonic and semileptonic decays
Leptonic and semileptonic D → lν and D → Plν decays, where P denotes a pseudoscalar meson allow to determine several SM parameters. The decay into a l = τ lepton is kinematically suppressed/forbidden. The corresponding decay amplitudes read
where q 2 = (p − p) 2 , the CKM factors V cq , the decay constant f D and the form factors f +,0 (q 2 ). The amplitude (2.2) implies a lepton-mass-suppression of f 0 in charm decays, hence f 0 is presently barely accessible in experiments. The CKM factors are given as V cd = λ + O(λ 4 ) and V cs = 1 − λ 2 2 + O(λ 4 ) with λ ∼ 0.225 in the Wolfenstein parametrization. Singly-Cabibbo suppressed |∆c| = |∆u| = 1 decays, that will be covered in the next sections, involve the products V ud V * cd −V us V * cs . This approximate equality which reflects the GIM mechanism allows only small complex phases ∼ V ub V * cb . As is evident from (2.1) and (2.2), experiments extract products of CKM factors with decay constants and form factors from leptonic and semileptonic decays, respectively. The individual quantities can then be obtained by either assuming CKM unitarity and the other CKM factors to be Table 1 : Decay constants from experiments, assuming CKM unitarity, and N f = 2 + 1 + 1 LQCD calculations, summarized by HFLAV [5] and FLAG [6] , respectively. known or from a combination with, e.g., lattice QCD (LQCD) calculations. In practice, the CKM factors are most precisely known from fits to several observables employing CKM unitarity, hence we do not consider their extraction in the following.
The interplay of experiments and LQCD calculations in the determination of the decay constants is summarized in Table 1 . The averaged results from experiments and LQCD calculations are compatible at 2σ with competing but smaller uncertainties from the LQCD calculations. In addition, recent results from N f = 2 + 1 and N f = 2 + 1 + 1 calculations with individual uncertainties similar to the 2016 averaged ones are provided by RBC/UKQCD [7] and Fermilab Lattice/MILC [8] , respectively. While lattice calculations need to include QED effects non-perturbatively in the future, also more precise experimental measurements are needed for further comparisons. Decay constants are also determined by QCD sum rule calculations, however, with larger uncertainties than the results collected in Table 1 , e.g. f D = (208 ± 10) MeV and f D s = (240 ± 10) MeV [9] .
In Figure 1 , we show the experimental average of the form factor f + for D → (K, π). While ex- periments precisely extract form factors at low q 2 , form factors at high q 2 are accurately calculated on the lattice. In fact, the experimental results are in agreement with, e.g., the recent N f = 2 + 1 + 1 calculation provided by ETMC [10] . The interplay of experiments and LQCD calculations allows to determine form factors at the percent level precision and is also necessary in view of f 0 that is presently only accessible on the lattice. Finally, we note that the form factors for Λ c → N, where N is a nucleon, are available from a recent LQCD calculation [11] .
Hadronic two-body decays
Hadronic two-body decays, D → P 1 P 2 with P 1,2 ∈ {π, K} have been studied extensively, see e.g. [12, 13, 14] , including first attempts on the lattice [15] . Most of the branching ratios, their correlations and also CP-asymmetries are experimentally measured [5, 16] . Theoretically, amplitudes for different decays can be related by the SU(3) F -symmetry, allowing to test the SM. The amplitude for, e.g., a singly-Cabibbo suppressed decay is written as
and λ q = V * cq V uq . Recall that, while λ b can be neglected for branching ratios, it is the only source of CP violation in the SM. In the following, we summarize the global fit of branching ratios and the CP-asymmetry predictions given in the series of works [17, 18, 19, 20] .
The framework consists of topological amplitudes with diagrammatic SU(3) F -breaking and color-counting input. A global fit to branching ratio data reveals that the SU(3) F -limit is excluded by more than 5σ , while 30% SU(3) F -breaking in the decay amplitudes is sufficient to describe the data [17] . Predictions on individual branching ratios are obtained as
with a significance of more than 4σ [17] .
For the direct CP violation, the corresponding asymmetry is written as
Here, Im λ b λ sd −6 × 10 −4 and |A sd | can be taken from the branching ratio fit. However, CPasymmetries require additional combinations of amplitudes that are not provided by a branching ratio fit. Nevertheless, these combinations can be eliminated by sum rules that correlate different CP-asymmetries. To address charm CP violation, two strategies are given at hand: Firstly, the SM can be falsified with sum rules, or clean predictions. Secondly, direct CP violation can be discovered in charm, with large SM predictions being favored. An example for the first strategy is A CP (D + → π + π 0 ) 0 from isospin sum rules, e.g. [21] , which is compatible with the recent Belle measurement a dir CP = +0.0231 ± 0.0124 ± 0.0023 [22] . The discovery of direct CP violation is shown to be possible in D 0 → K S K S decays with |a dir CP | ≤ 1.1.% [19] that follows from sizable tree level exchange, and since A sd = 0 in the SU(3) Flimit, while A b = 0. Experimentally, A CP = −0.0002 ± 0.0154 is measured by Belle [23] with uncertainties being dominated by statistics as well as very recently LHCb measured A CP = 0.042 ± 0.034 ± 0.010 [24] . Direct CP violation can also be discovered in D → K S K * 0 decays, |a dir CP | ≤ 0.3% [20] . While the features of the D 0 → K S K S decay also apply here, the decay D → K S K * 0 is additionally experimentally favored, since charged tracks from prompt K S K * 0 decay can be identified, a Dalitz plot analysis may reveal regions with large strong phases to maximize the asymmetry, and no flavor tagging is required. No measurements for this asymmetry is presently available, though a first study is reported in [25] .
Rare decays
Rare charm decays are very different from the analogous b decays, nevertheless |∆c| = |∆u| = 1 decays allow to test BSM physics in addition to and independent of their b counterpart. We first review the anatomy of the SM, the background in BSM searches. The perturbative SM contribution is described by the Lagrangian L weak eff ∼ ∑ i C i P i with Wilson coefficients C i and the corresponding operators, e.g.,
where the notation and the full set of operators can be found in, e.g., [26] . One characteristic of charm flavor-changing-neutral-current transitions is the two-step matching of the effective theory at the scales m W and m b . Another one is related to the absence of heavy down-type quarks in loops, hence only two Wilson coefficients (C 1,2 ) are nonzero at the scale m W and C 10 0 holds at the charm scale that is broken only by, e.g., electromagnetic effects. The effective Wilson coefficients, that include perturbative contributions which multiply the same matrix elements as the Wilson coefficients, are known at the same order as in b physics [27, 28, 29, 30] . The phenomenologically largest contributions to C eff 7,9 result from two-loop QCD diagrams with insertions of P 1,2 [30] , since the leading order contributions are generically suppressed by the GIM-mechanism due to closely degenerated light quarks in the loops. Note that the two-loop calculation [30] is valid for arbitrary momentum transfer and also for b decays.
Switching from partons to hadrons, intermediate resonances evade the GIM-mechanism and dominate the branching ratios, though their contribution is uncertain, e.g. [31] . The different contributions to the branching ratios are summarized for D + → π + µ + µ − in Figure 2 may not look viable to search for BSM physics due to the large and uncertain SM background. On the other side, several unique SM features arise/persist, e.g., so-called "resonance-catalyzed" [32] observables as well as BSM sensitive observables due to the small SM weak phases and symmetries of QCD and QED. They allow to search for (heavy) BSM physics in different ways:
(a) Windows in branching ratios, e.g. the high q 2 region in Figure 2 .
(b) Null test based on (approximate) SM symmetries.
(c) SM contribution extracted from SM-dominated modes as input for SU(3) F -related, BSM sensitive modes.
Before illustrating these points, we emphasize to look into different decays and observables to probe the SM and sort BSM models. Figure 3 shows the sensitivity of the differential branching fraction for Another example for (a) is the branching ratio of D 0 → µ + µ − . The present experimental upper limit B exp < 6.2 × 10 −9 by LHCb [34] sets the strongest constraints on the difference of (pseudo)scalar Wilson coefficients. While the SM branching ratio is commonly estimated orders of magnitude below B exp [35, 36, 37] , a BSM-induced branching ratio close to the experimental limit is allowed within, e.g., two Higgs doublet and leptoquark models [26, 33, 35, 37, 38, 39, 40] . The decay into electrons is, on the other hand, helicity suppressed and diluted by misidentification from O(αm 2 D /m 2 e ) enhanced D 0 → e + e − γ decays with soft photons [28] . The helicity suppression is lifted for D 0 * → e + e − decays, however D 0 * decays strongly/electromagnetically. Note that the decay D 0 * → µ + µ − is also diluted by misidentification from D 0 * → π + π − decays. As explored in [41] , e + e − → D 0 * decays evade these complications. The SM branching ratio of e + e − → D 0 * is predicted to be B SM ∼ 10 −18 , while in Z models B Z < 2.5 × 10 −11 [41] . A measurement would probe (axial)vector Wilson coefficients, not accessible in D 0 → ll decays.
Generically, for c → u Up vector-like quark singlet - e.g. the dilepton forward-backward asymmetry, which involve C 10 , (pseudo)scalar and tensor Wilson coefficients and are suppressed in the SM. Additionally, the SM can be testes with decays into different leptons. Lepton-universality, probed by the ratio of muons/electrons, holds up to percentage corrections in the SM [33] . Experimentally, decays into electrons and muons are measured in different experiments, e.g. [42, 43] employed different cuts for D → PPll decays. Lepton-flavorviolating decays, also from quarkonia, are absent in the SM [26, 35, 44, 45] , hence are further null tests of the SM. Decays into neutrinos which vanish in the SM and also probe dark matter [26, 35, 39, 46] are bounded by Belle [47] . Predictions for the CP-asymmetry and the forwardbackward asymmetry within BSM models are compiled in Table 2 , ranging from "SM-like" to "within reach of the next measurement". The following example of a "resonance-catalyzed" [32] CP-asymmetry comprises several of the just discussed qualities. Consider a scalar leptoquark (with quantum numbers (3,3,-1/3)), supplement a flavor pattern (inspired by b decays [60] ) and respect constraints from Kaon decays (due to SU(2) L couplings). This recipe results in Figure 4 , illustrating that the CP-asymmetry around resonances probes the Wilson coefficient ImC BSM 9 , independent of strong phases. Finally, we discuss radiative c → uγ induced decays. Again, branching ratios are dominated by uncertain long-distance effects [28, 61, 62, 63, 64, 65, 66, 67, 68, 69] . On the other hand, the decay B c → B * u γ and the ratio Γ(D 0 → ρ 0 γ)/Γ(D 0 → ωγ) are sensitive to BSM physics [70, 71] . The SM prediction for CP asymmetries is, again, A SM CP < O(10 −3 ), while in BSM models A BSM CP 10% [67, 72, 73] . Here, the first experimental measurement of A exp CP (D 0 → ρ 0 γ) = 0.056 ± 0.152, where the statistical uncertainty dominates, is obtained by Belle [74] .
A feature of radiative decays is an observable photon polarization, the ratio of right/left-handed currents (C 7 /C 7 ). The photon polarization can be probed in the following ways.
• Time-dependent analysis: Relate the SM-dominated decayD 0 →K * 0 γ to the decaysD 0 → (ρ 0 /ω, φ )γ using data and SU(3) F -symmetry and extract the BSM contribution [73, 75] .
• The up-down asymmetry of the decay D →K 1 (→Kππ)γ is independent of strong phases between C 7 and C 7 and heavier resonances are phase space suppressed, but D-tagging is required [75] . • The photon forward-backward asymmetry in the decay Λ c → pγ can be measured at future colliders [67] .
Summary
Charm decays allow for a wide analysis of the SM and beyond. On the one hand, SM parameters, namely decay constants and form factors, are precisely known from leptonic and semileptonic decays. Recent experiments and LQCD computations challenge each other with competing uncertainties. On the other hand, hadronic two-body decays allow for global fits to branching ratio data and to test the SU(3) F -symmetry. Direct CP violation of charm decays in the SM can be discover in D 0 → K S K S and D → K S K * 0 decays with SM CP asymmetries 1%.
Rare charm decays allow to uniquely probe the SM and BSM physics with different decays and observables -despite branching ratios being dominated by long-distance effects. Examples are CP-asymmetries and angular observables in semileptonic decays, decays into different leptons as SM null test and connections between different radiative decays. While BSM physics may link flavor sectors, one should not forget that charm decays may also improve our understanding of QCD and check theoretical frameworks. Several experiments and theoretical works are ongoing, e.g. on D → PPll decays [76, 77] .
